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ABSTRACT 

m 



We report on a high-spatial-resolution survey for binary stars in the periphery of the Orion Nebula Cluster, at 5-15 arcmin (0.65 - 
2 pc) from the cluster center. We observed 228 stars with adaptive optics systems, in order to find companions at separations of C.' 13 - 
1'.' 12 (60 - 500 AU), and detected 13 new binaries. Combined with the results of Petr (1998), we have a sample of 275 objects, about 
half of which have masses from the literature and high probabilities to be cluster members. We used an improved method to derive 
the completeness limits of the observations, which takes into account the elongated point spread function of stars at relatively large 
distances from the adaptive optics guide star. The multiplicity of stars with masses > 2 Mq is found to be significantly larger than 
that of low-mass stars. The companion star frequency of low-mass stars is comparable to that of main-sequence M-dwarfs, less than 
half that of solar-type main-sequence stars, and 3.5 to 5 times lower than in the Taurus-Auriga and Scorpius-Centaurus star-forming 
regions. We find the binary frequency of low-mass stars in the periphery of the cluster to be the same or only slightly higher than for 
stars in the cluster core (<3 arcmin from 9 [ C Ori). This is in contrast to the prediction of the theory that the low binary frequency 
in the cluster is caused by the disruption of binaries due to dynamical interactions. There are two ways out of this dilemma: Either 
the initial binary frequency in the Orion Nebula Cluster was lower than in Taurus-Auriga, or the Orion Nebula Cluster was originally 
Q ■ much denser and dynamically more active. 

q . Key words, stars: pre-main-sequence - binaries: visual - infrared: stars - surveys - techniques: high angular resolution 
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^ , ., , , „ , . ,. . and NGC 2024 (Duchene et al. 1999 Beck et al. 2003 Liu et 

Over the past decade it has become clear that stellar multiplicity d 2003 Luhmann et al . 200 53, as well as those in older ZAMS 



can be very high among young low-mass stars, with companion dusters (Bouyier et a , mi Patience et aJ 199g ( show fei 

H ; star frequencies close to 100 % for young stars inwell-known fre ies that ^ comparab le to that of main-sequence fields 

■ - ' n f a ^L St ^: , g , ™ S T at u° nS ™ ° 6t stars, i.e. lower by factors of 2 - 3 than those found in loose 

al.[H)3, Ghez et al. 1997 Duchene 1999). Thus, our current un- T associations . The reason for this d i scre p a ncy is still unclear, 

derstanding is that star formation resulting in binary or multiple Theoretical explanations include: 
systems is very common, if not the rule. However, the multiplic- 
ity of low-mass main-sequence field stars is significantly lower, 

only ~ 55 % for solar-type stars (Duquennoy & Mayor 1991), - Disruption of cluster binaries through stellar encounters, 
and ~ 35 to 42 % for M-dwarfs (Reid & Gizis ll997l Fischer & Kroupa ( 1995 1 and Kroupa et al. ( 1999 1 suggested that dy- 
Marcy 19!53J. namical disruption of wide binaries (separations > 100 AU) 
On the other hand, high binary frequencies are not observed through close stellar encounters decreases the binary frac- 
among low-mass stars in stellar clusters. Binary surveys in the tion in clusters. If the primordial binary output from the star- 
center of the young Trapezium Cluster (e.g. Prosser et al. 1 19941 formation process is the same in dense clusters and in loose 
Padgett et al. 1997 Petr et al. 1998 Petr 1998 Simon et al. l 19991 T associations, then the number of "surviving" binaries de- 
Scally et al. l 19991 McCaughrean l200fl . which is the core of the pends on the number of interactions of a binary system with 

other cluster members that occurred since the formation of 
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divided by the typical time between stellar interactions. The 

Based on observations obtained at the European Southern . • , .■ . . • . . • • ■ , , . 

. T „.„ . , ,„„„.,„ F , ... typical time between interactions is inversely proportional to 

Observatory, La Silla, proposal number 68.C-0539, and at the W.M. , , , . n , , ._, r , 

Keck Observatory, which is operated as a scientific partnership among the stellar volume denslt y of the cluster < Scall y et aL 1999 »' 

the California Institute of Technology, the University of California and thus binaries at the cluster center get destroyed more quickly 

the National Aeronautics and Space Administration. The W.M. Keck than those at larger radii. Observing various subregions of a 

Observatory was made possible by the generous financial support of single star-forming cluster representing different stellar num- 

the W.M. Keck Foundation. ber densities will therefore reveal different binary fractions if 
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this mechanism is dominant in the evolution of binary sys- 
tems. 

- Environmental influence on the initial binary fraction. 
Durisen & Sterzik ( 1994 1 and Sterzik et al. (2003 1 suggested 
an influence of the molecular cores' temperature on the ef- 
ficiency of the fragmentation mechanism that leads to the 
formation of binaries. Lower binary fractions are predicted 
in warmer cores. Assuming the ONC stars formed from 
warmer cores than the members of the Taurus-Auriga as- 
sociation, less initial binaries are produced in this scenario. 
Observations of different subregions of the ONC should 
therefore reveal the same (low) binary frequency (if the 
molecular cores in these regions had the same temperature 
- a reasonable, though unverifiable assumption). 

These theoretical concepts make different predictions that can be 
tested observationally. Indeed, measuring the binary fraction as a 
function of distance to the cluster center will provide important 
observational support for one or the other proposed theoretical 
explanation. 

The ONC is the best target for this study. Its stellar popula- 
tion is very well studied, more than 2000 members are known 
from extensive near-infrared and optical imaging (Hillenbrand 
1997 Hillenbrand & Carpenter 2000). To date, binary surveys 
of the cluster have focused on the central 0.25 pc core, where the 
stellar density reaches as high as 2 - 5 x 10 4 pc 3 (McCaughrean 
& Stauffer [T9^4l Hillenbrand & Hartmann [T9l?8l The typi- 
cal time between interactions for a binary with a separation 
of 250 AU (~ 0V5 at the distance of the ONC) in the core is 
~ 1 Myr, the age of the cluster. Therefore, most 250 AU bina- 
ries are likely to have experienced at least one close encounter. 
However, for the observed stellar density distribution of the clus- 
ter, which can be described by an isothermal sphere with n oc r~ 2 
outside 0.06 pc (Bate et al. 119981 . the volume density at ~ 1 pc 
distance from the center (~ 8' at the distance of the ONC) is 
roughly 200 pc~ 3 and the interaction timescale for our 250 AU 
binary would be > 250 Myr, hundreds of times the age of the 
cluster. We also know that dynamical mass segregation in the 
cluster has not yet occurred (Bonnell & Davies 1998 1 and that 
the ejection of single stars from the inner parts of the cluster 
(where many binary disruptions have already occurred) has not 
been efficient to populate the outer regions if the whole clus- 
ter is roughly virialized (Kroupa et al. 1999 1. For these reasons, 
the binary fraction in the outer parts of the ONC is unlikely to 
have been modified by the dynamical evolution of the cluster, 
and should be the intrinsic value resulting from the fragmenta- 
tion process, while the binary frequency of stars in the cluster 
core has already been lowered by dynamical interactions. 

We have measured the frequency of close binaries among 
stars in a number of fields in the outer part of the ONC using 
adaptive optics imaging in the K-band. The results we obtain in 
this survey for the outskirts of the Orion Nebula Cluster will be 
compared with a similar study of the ONC core, carried out by 
Petr et al. d!998i and Petr JT998 1. Since the same instrument and 
observing strategy was used, we incorporate their results, and 
constrain the radial distribution of the binary frequency from the 
ONC core to the cluster's periphery. 

2. Observations 

Since our study concentrates on the detection of close binary or 
multiple stars with sub-arcsecond separations, it is necessary to 
use an imaging technique that provides the required performance 
in terms of high spatial resolution and sensitivity. Therefore, we 



Table 1. Fields observed for this work. Name is the designation 
in Jones & Walker ( 1988 1 or Parenago J1954i of the central star 
that was used to guide the adaptive optics system, r is the dis- 
tance to 6 l C Oh. In the last columns, we list the number of stars 
actually observed in this field and the date(s) of observation. 



Name Q"20oo S2000 t ['] Targets Obs. Date 



carried out adaptive optics near-infrared imaging at ESO's 3.6 m 
telescope and the Keck II telescope using their respective adap- 
tive optics instruments. 

The choice of our target fields in the Orion Nebula clus- 
ter was mainly guided by two criteria. First, the necessity of 
having a nearby (within ~ 30") optically bright reference star 
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Fig. 1. Fields observed in this work (large boxes) and Petr ( 1998 small boxes in the central region). Dots mark the positions of all 
stars in the list of Jones & Walker ( 1988 1, these are not the stars observed by us. The stars used to guide the adaptive optics are 
marked by star symbols and their number in Jones & Walker or Parenago J1954i . The large boxes show the areas where we selected 
our target stars. These fields were not fully covered by our observations, we only observed stars visible in the 2MASS quicklook 
images (see Sect. 



that controls the wavefront correction in order to obtain (nearly) 
diffraction-limited images. Second, the fields should be located 
at radii larger than 5arcmin from the cluster center. 

Based on these criteria, we searched the catalogues of Jones 
& Walker ( 119881 JW hereafter) and Parenago ( 1954i for stars 
with I < 12.5 m and located at radii of 5-15 arcmin (0.65 - 2pc) 
from the cluster center. The resulting list contains 57 objects, 52 
of them were observed in the course of this project (see Tab. ^ 
and Fig. The remaining fields had to be omitted because of 
time constraints. 

Since the field of view's of the used instruments are at 
most 12'.'8 x 12'.'8, it would have been very inefficient to com- 
pletely survey the fields around each guide star. Instead, we used 



quicklook-images from the 2MASS database to find stars within 
30" from the guide stars, and pointed only at these sources. 
Therefore, we did not observe all stars within 30" from a guide 
star, but only those visible in 2MASS quicklook-images. The 
2MASS survey is complete to at least K s = 14 mag (except in 
crowded regions), so we can be sure all stars down to this mag- 
nitude are visible in the quicklook-images and have been ob- 
served by us. Our estimated masses (Sect. l4~2l indicate that this 
probably already includes a few brown dwarfs, so the number of 
interesting targets (low-mass stars) missed by this procedure is 
negligible. 

Figure|2]shows as an example the 2MASS quicklook-image 
of the region around JW0971, and our AO-corrected images. 
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Fig. 2. The field around JW0971 as an example of our obser- 
vations. North is up and East is to the left in all images. The 
field-of-view in image a is about 70 x 70", while the field-of- 
view in images b, c, and d is about 12 x 12". a: The 2MASS- 
quicklook image centered on JW0971. The positions of the im- 
ages obtained with the AO system ADONIS are outlined, b: The 
AO-corrected image centered on the guide star, JW0971. c: The 
AO-corrected image of the two stars south-east of JW097 1 . The 
star to the southwest is JW0974 and has a companion at 0.32" 
separation (cf. Tab. |5Jl. d: The AO-corrected image centered on 
the star west of JW0971. 



2.1. ESO 3.6m/ 'ADONIS observations 

The major part of the observations was carried out during three 
nights in December 2001 at the ESO 3.6 m telescope on La 
Silla. We used the adaptive optics system ADONIS with the 
SHARP II camera to obtain nearly-diffraction limited images in 
the K s -band (2. 154yum). The pixel scale was 50 mas/pixel, which 
provides full Nyquist sampling at 2.2/mi. Since SHARP II is 
equipped with a 256x256 pixels NICMOS 3 array detector, the 
field-of-view is 1278 x 1278. During the first observing night, we 
typically recorded for each target star 20 frames with 3 sec indi- 
vidual exposure time, while during the second and third night 20 
frames of 5 sec each were taken per object. After all targets near 
one guide star were observed (which took on average 4, at most 
9 pointings), we observed an empty field at about one arcminute 
distance from the guide star to determine the sky background. 
Measuring the sky background every 20 minutes is enough for 
the purpose of this project, i.e. astrometry. 1 

2.2. Keckll/NIRC2 observations 

In February 2002, eleven fields were observed in one half night 
at the Keck II telescope. We used the adaptive optics system 
and the NIRC2 camera with the K p filter (2.124/an). NIRC2 

1 The photometric measurements obtained in the course of the data 
reduction were used only to solve ambiguous cases in the identification 
of our objects in photometric catalogues. 



offers the choice of three different pixels scales: 10, 20, or 
40 mas/pixel. The 40 mas/pixel scale does not allow Nyquist 
sampling in the K-band, and the 20 mas/pixel optics has signifi- 
cant field curvature, therefore we decided to use the 10 mas/pixel 
camera in order to achieve the full resolution over the whole 
field-of-view. The detector has a 1024x1024 Aladdin-3 array, 
so the field-of-view is about 10"xl0". The integration time was 
60 sec per target (20 co-adds of 3 sec each). The one exception is 
Parenago 2074, which was saturated in 3 sec. Here we took more 
frames with 0.25 sec exposure time, resulting in about 20 sec to- 
tal integration time. Exposures of the sky background were done 
in the same way as during the observations with ADONIS. 



3. Data Reduction 

Images were sky-subtracted with a median sky image and flat 
fielded by an appropriate flat defined by dome-flat illumination. 
Bad pixels were replaced by the median of the closest good 
neighbors. Finally images were visually inspected for any ar- 
tifacts or residuals. 

The daophot package within IRAF 2 was used to identify 
stars and measure their positions and magnitudes. First, we used 
the daofind task to identify stars. All images were inspected vi- 
sually to confirm the detections, the parameters of daofind (in 
particular, the threshold) were adjusted to make sure no stars 
were missed by the automatic procedure. Then we used the phot 
task to carry out aperture photometry of the sources found. The 
aperture radius was 1" in order to make sure no flux was lost in 
the wings of the PSF 

We count pairs of stars separated by 1712 (500 AU) or less 
as binary candidates (not all of them are gravitationally bound 
binaries, see Sect. 14.41 . Daofind is unable to reliably detect bi- 
nary sources with such small separations, therefore all detected 
stars had to be inspected visually to identify binaries. An aper- 
ture with 1" radius measures flux from both components in these 
cases, therefore the phot task was run again on the binaries, 
with apertures adjusted for each individual binary to measure 
the individual fluxes without contamination of the secondary by 
the primary and vice versa. The results of these measurements 
were used to compute the exact separations, position angles, to- 
tal fluxes, and flux ratios of the binary stars. 



4. Results 

4.1. Stellar detections and Binaries 

In total, we observed 228 stars in 52 fields (see Tab. ^ an d 
Fig-E 3 - Stars located within 1" from one of the edges of the 
images are not counted, to ensure that our binary census is as 
unbiased as possible. 

We are sensitive to companions at separations in the range 
a/13 - 1712 01-6O - 500 AU at the distance of the ONC (450 pc). 
The lower limit is the diffraction limit of the 3.6 m telescope 
in K, the outer limit was chosen to limit the number of chance 
alignments of unrelated stars (see section l4~4l . These limits are 
the same as those used by Petr ( 1998 ) for their binary survey in 
the center of the ONC. 



2 IRAF is distributed by the National Optical Astronomy 
Observatories, which are operated by the Association of Universities 
for Research in Astronomy, Inc., under cooperative agreement with the 
National Science Foundation. 

3 The complete target list is available online. 
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Table 2. New ONC Binaries found in this wor k. Nam es with "JW" are from Jones & Walker 1988 those with "AD95" from Ali 
& Depoy 1995 and Par2074 is from Parenago ( 1954). The distance to l C is listed as r like in Tab. [2 The last three columns list 
identification, mass from H97 and from IR photometry, and membership probability given in H97. 



Name 




^2000 


r ['] 


Separation ["] 


AK Tmagl 

I OJ 


H97 id 


H97 mass 


IR mass 


Mem. 


JW0235 


5:35:03.586 


-5:29:27.06 


6.87 


0.48 ± 0.01 


0.47 ±0.15 


235 




0.5 




JW0260 


5:35:04.999 


-5:14:51.45 


9.00 


0.33 ± 0.01 


0.17 ± 0.05 


260 


4.13 


3.5 


97 


AD95 2380 


5-35-12 328 


-5-16-34 04 


6.89 


0.59 ± 0.02 


2.99 ± 0.15 






3.0 




JW0406 


5:35:13.299 


-5:17:09.98 


6.27 


0.94 ± 0.01 


1.19 ±0.06 


406 


0.21 


1.5 


99 


JW0566 


5:35:17.756 


-5:16:14.68 


7.15 


0.85 ± 0.02 


1.73 ±0.06 


566 









AD95 1468 


5:35:17.352 


-5:16:13.62 


7.16 


1.08 ±0.01 


0.10 ±0.05 










JW0765 


5:35:24.892 


-5:09:27.87 


14.08 


0.35 ± 0.02 


0.06 ±0.10 


765 


0.19 


0.5 


97 


JW0767 


5:35:25.087 


-5:15:35.73 


8.08 


1.10 ±0.01 


1.99 ±0.10 


767 


0.26 


1.0 


99 


JW0804 


5:35:26.666 


-5:13:13.97 


10.47 


0.40 ± 0.01 


4.1 ±0.2 


804 


1.65 


1.2 





JW0876 


5:35:31.627 


-5:09:26.88 


14.44 


0.49 ± 0.01 


0.50 ± 0.05 


876 


0.84 


3.5 


13 


JW0959 


5:35:42.019 


-5:28:10.95 


7.99 


0.34 ± 0.01 


0.07 ± 0.03 


959 


2.41 


2.7 


97 


JW0974 


5:35:44.417 


-5:36:38.02 


14.98 


0.32 ± 0.02 


1.41 ±0.05 


974 


0.14 


0.3 


99 


Par2074 


5:35:31.223 


-5:16:01.54 


8.23 


0.47 ± 0.01 


3.23 ±0.10 


2074 


16.3 


>4 


99 



We find 13 binary candidates in the separation range C' 13 — 
1'/ 12. No higher-order multiples were found, which is not sur- 
prising given the limited separation range. Table[2]lists the bina- 
ries, their separations, magnitude differences, their ID number in 
Hillenbrand ( 1997 1, mass estimates and probability to be cluster 
members. Figure[3]shows images of the binary stars. 

Some of the binaries have a rather low membership proba- 
bility. On the one hand, it would not be surprising to find bi- 
nary foreground stars. On the other hand, there is some evi- 
dence that membership probabilities based on proper motions 
may be underestimated. Hillenbrand ( 1997 1 report that several of 
the sources identified as being externally ionized by the massive 
Trapezium stars (and, therefore, physically close to these stars) 
are designated as proper motion non-members. Furthermore, the 
proper motions of undetected binaries can have systematic errors 
due to orbital motion or photometric variability (Wielen 1997), 
leading to misclassification as non-members. In the analysis in 
Sect. |5] we will consider two samples: one containing only stars 
with membership probabilities higher than 50 %, and one with 
all stars for which mass estimates could be obtained, including 
those with zero membership probability. 

4.2. Selection of the Low- and Intermediate- to High-mass 
Samples 

The multiplicity of high- and low-mass stars in the ONC is sig- 
nificantly different (Sect.|5T] Preibisch et al. 119991 Preibisch et 
al. 2001 Schertl et al. 2003 and references therein). Therefore, 
we have to select suitable subsamples of our target list in or- 
der to obtain meaningful results. Probably the best mass esti- 
mates for stars in the ONC were given by Hillenbrand ( 1997 
H97 hereafter), who used spectroscopic and photometric data to 
create an HR diagram. Comparison with theoretical pre-main- 
sequence evolutionary tracks of D'Antona & Mazzitelli ( 1994) 
yielded the mass and age of each star. From their work, we can 
get masses for 126 stars in our sample, and 40 stars in the sample 
of Petr ( 1998 ). The accuracy of masses predicted by evolution- 
ary tracks is limited, as most models are only marginally con- 
sistent with masses determined from measured orbital dynamics 
(Hillenbrand & White 2004 1. However, in this work the mass 
estimates are only used to distinguish between intermediate- to 
high-mass stars, low-mass stars, and potential sub-stellar ob- 
jects, so the results are not affected by systematic discrepancies. 

To obtain mass estimates for a larger fraction of our sam- 
ple, we use 2MASS photometry in the J- and H-band to con- 



struct a color-magnitude diagram (CMD, Fig. 0}. We decided 
to use J and H because the photometry in these bands is less 
affected by infrared excess emission of circumstellar material 
than K-band photometry. To estimate masses, we de-redden the 
stars along the standard extinction vector for Orion (Johnson 
1967) and search the intersection of the vector with the 1 Myr 
isochrone of the theoretical pre-main-sequence tracks of Baraffe 
et al. ( 1998 ) for masses below 1 .4 Mq and Siess et al. (200QJ for 
masses above 1.4 Mq. The agreement between these two sets 
of tracks is reasonably good, and the transition point has been 
chosen to minimise the difference. 

In cases where a star falls to the left (blueward) of the 
isochrone, we adopt the mass of the model that has the same 
J-magnitude, i.e. we do not follow the direction of the extinction 
vector, but shift the star horizontally onto the isochrone. This 
procedure is reasonable, since the measurement error of J - H is 
much larger than that of J (see the error bars in the lower left of 
Fig-E) 4 - In this way, we can obtain mass estimates for 173 stars. 
Combined with the results from H97, we have mass estimates 
for 187 stars. 

For the selection of the sub-samples, we used the following 
limits: Stars with masses of at least 2 Mq are the intermediate- 
to high-mass sample (28 stars, 4 binaries), those with masses 
between 0.1 and 2Mq form the low-mass sample (146 stars, 
7 binaries), and we designate objects with mass estimates be- 
low 0.1 Mq as sub-stellar candidates (14 objects, no binaries). 
Changing the upper limit of the low-mass sample to, e.g., 
1.3 Mq does not change our conclusions, it only reduces their 
statistical significance. 

A similar procedure was carried out for the target list of Petr 
(1998), using infrared photometry from Muench et al. (J2002), 
which yielded 124 mass estimates: 22 intermediate- to high- 
mass stars (6 binaries), 83 low-mass stars (82 systems, 6 bina- 
ries), and 19 sub-stellar candidates (no binaries). 

For 152 stars, we have masses from both H97 and IR- 
photometry, Fig. [5] shows a comparison of mass estimates ob- 
tained in both ways. On average, the method using J and H pho- 
tometry overestimates the masses compared to H97 by a factor 
of 1 .3. This could be caused by a number of reasons, for example 
infrared excess due to circumstellar disks. While the contribution 
of disks is smaller for shorter wavelengths (which is the reason 
why we choose to estimate masses from J- and H-band fluxes), it 



4 Many of the stars to the left of the isochrone have a low probability 
to be members of the Orion Nebula Cluster (cf. JW) 
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Fig. 3. Images of the 13 binaries found in this work, shown with a logarithmic scale. North is up and east is left, except for the 
last image. Because Parenago 2074 is the brightest star we observed with the Keck telescope, it suffers from unusually strong 
diffraction spikes, and it was unclear from a single image whether the candidate companion we had found was a physical object or 
an instrumental artefact. We therefore rotated the field-of-view by 125° and repeated the observation. The companion rotated by the 
same angle, which proves its physical nature. 



still is not negligible. We also derived masses from J and K or H 
and K photometry, but we found them to be less consistent with 
H97, which is the expected result if infrared excess is present. 
Another possible reason for the overestimated masses could be 
the different PMS tracks used in H97 and this work. H97 used 
the tracks by D'Antona & Mazzitelli ( 1994|, which are known 
to underestimate masses (Hillenbrand & White 2004 1. We pre- 
fer the tracks by Baraffe et al. (1998 1 and Siess et al. |2000 » 



because they give magnitudes in infrared bands, so no additional 
transformation is needed. Hillenbrand & White ( 2004 1 show that 
the masses in the range 0.5 to 1.2 Mq predicted by the Baraffe 
et al. models are more consistent with dynamical masses than 
those predicted by other models. For higher masses, Hillenbrand 
& White find good agreement between predicted and dynamical 
masses for all models, including those of Siess et al. 
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Fig. 4. Color-Magnitude diagram for ONC stars with IR-photometry from 2MASS or Muench et al. (2002). The symbols denote 
proper motion members, non-members, and stars without membership information. Median errors are indicated in the lower left. 
Also shown is the theoretical 1 Myr isochrone of the models of Baraffe et al. ( 1998 1 and Siess et al. (|2000). The transition from one 
set of models to the other between 1.4 Mq and 1.5 Mq is indicated by a gap in the isochrone line between J = 10.1 m and 10.4 m . 
The dots on the isochrone mark the 1, 2, 3 ... 7 Mq models. The straight lines show the extinction vectors through the 0. 1 and 2 Mq 
models. The isochrone turns downward again for masses > 4Mq, making it impossible to distinguish a highly-extincted star with, 
e.g., 4.5 Mq from a less-extincted star of ~ 3 Mq. The extinction vector through the 2 Mq model has been extended backwards 
to demonstrate that this ambiguity does not exist for masses < 2 Mq. We adopt 2 Mq as limit to classify our stars as low-mass or 
intermediate- to high-mass. 



These mass estimates are good enough for our purposes, 
since they are only used to classify the stars as intermediate- 
to high-mass (M > 2Mq), low-mass (0.1 Mq < M < 2 Mq), 
or sub-stellar candidates (M < 0.1 Mq). The number of systems 
that might be misclassified because of inaccurate mass estimates 
is small and does not affect our conclusions. 



4.3. Sensitivity Limits and Completeness 

The sensitivity of AO observations to close companions depends 
on many factors, e.g. the telescope and instrument used, the at- 
mospheric conditions, the brightness of the guide star, and the 
distance from the guide star to the target. Since the images of 
target stars separated by more than « 30" from the guide star are 
elongated due to anisoplanatism (cf. Fig. [6j, the sensitivity for 
close companions depends also on the position angle. All these 
factors vary considerably in our survey; it is therefore impossi- 



ble to give a single sensitivity limit. Instead, we use a statistical 
approach. 

In Sect. 14.3.11 we describe how we measure the complete- 
ness of the observation of one target star. The result is a limiting 
magnitude difference as function of separation and position an- 
gle. We convert this into a map giving the probability to detect a 
companion as function of separation and magnitude difference. 

In Sect. 14.3.21 we explain how the completeness maps of sev- 
eral stars are combined into one map for the sample, and how the 
corrections are computed that allow us to compare samples with 
different completeness levels. 

4.3.1. Completeness of a Single Observation 

We start with a single target star and measure the sensitivity for 
companions at various positions in the image. In order to obtain 
estimates for the sensitivity of all targets, an automated proce- 
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Fig. 5. Comparison of masses from H97 and estimated from 
2MASS or Muench et al. J2002> J- and H-photometry. The line 
marks the points where both mass estimates are equal. 



dure was used, which is based on the statistics of background 
fluctuations. 

For this method, we compute the standard deviation of the 
pixel values in a 3 x 8 pixel box. The short axis is oriented in 
radial direction from the star, since the sensitivity varies over 
much shorter scales in radial than in azimuthal direction. Five 
sigma is adopted as the maximum peak height of an undetected 
companion. This peak height is compared to the height of the 
central peak (i.e. that of the primary star) to compute the mag- 
nitude difference. The procedure was repeated at 180 different 
position angles and 100 separations between 0'.'02 and 2". This 
gives the limiting magnitude difference as a function of separa- 
tion and position angle. 

We are not interested in the completeness limit at a particular 
position angle. Instead, we would like to know the probability to 
detect a companion at a given separation and magnitude differ- 
ence, for example 0.7" and AK = 1.5 mag , but at any position 
angle. We can safely assume that the distribution of companions 
in position angle is uniform. Then, the detection probability is 
equivalent to the fraction of position angles where we can detect 
a companion at 0.7" and AK = 1.5 mag , i.e. the fraction of posi- 
tion angles where the completeness limit at 0.7" is fainter than 
A#=1.5 mag . 

We repeat this counting of position angles for many different 
separations and magnitude differences, which results in a map of 
the probability to detect a companion as function of separation 
and magnitude difference. Figure0shows the results for the star 
JW0252 as an example. 

To check whether these standard deviation calculations give 
good approximation for the detection limits, tests with artificial 
stars have been carried out. We added artificial stars to our im- 
ages (using the target star PSF as template), and inspected the 
resulting images in the same way as the original data. The bright- 
ness of the artificial stars was reduced to find the minimum mag- 
nitude difference for a detectable companion. FigureQshows the 




1 0.5 -0.5 



Ax [arcsec] 

Fig. 6. Our AO-corrected image of the star 42'.' 5 south-east of 
JW0950, which was used as AO guide star. At such large dis- 
tances from the guide star, anisoplanatism leads to rather poor 
correction, which causes elongated star images with rather large 
FWHM. The arrow indicates the direction to the guide star. 



limits obtained in this way, they are comparable to the results of 
the approach based on standard deviation calculations. We there- 
fore conclude that, although tests with artificial stars might be a 
better approach for determining the detection limits, the results 
based on standard deviations agree quite well. Computing stan- 
dard deviations at about 2 million positions is a matter of min- 
utes, while visually inspecting even a small number of images 
with artificial stars at different positions is too time-consuming 
to be repeated for more than 200 stars. Given the variations in 
the quality of the AO corrections among our targets (mainly due 
to different magnitudes and separations from the guide star), it is 
important to assess the completeness of all observations and not 
just a few of them. 

The final completeness maps are functions of two variables, 
separation and magnitude difference. Other binary surveys com- 
monly specify the completeness by giving the limiting magni- 
tude difference as function of separation. This approach is not 
very useful for our survey since the sensitivity varies consider- 
ably from primary to primary, therefore we do not have a sharp 
limit in magnitude. The transition zone between 100 % and % 
completeness is typically l mag wide (Fig.Q for a single obser- 
vation, and even wider for the combined completeness of several 
stars (e.g. Fig.[S}. 

We eliminated the dependence of the completeness on posi- 
tion angle, but we pay a price: We no longer have a sharp com- 
pleteness limit, but a soft decline from 100 % to % probability 
to detect a companion. 

4.3.2. Completeness of several Observations 

To combine the maps for the whole sample or selected subsam- 
ples into an estimate for the completeness of the (sub)sample 
as function of separation and magnitude difference, we simply 
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Fig. 8. The completeness of the observations of low-mass (left) and intermediate- to high-mass stars (right) in the good sample, 
as function of separation and magnitude difference, presented as a surface-plot (top) and a contour-plot (bottom). On the surfaces, 
the thick line indicates a magnitude difference of 3 mag . It is interesting to note that the observations of intermediate- to high-mass 
stars are generally more sensitive to faint companions, but the observations of low-mass stars are slightly more complete near the 
diffraction limit. 



average the completeness. To obtain the completeness of a sub- 
sample within a given range of separation and AK, we integrate 
the combined map within the limits and divide the result by the 
area in separation-A/T space. This gives the completeness as a 
percentage between % and 100 %. 

In principle, we can extrapolate to 100% completeness by 
dividing the number of companions actually found by the com- 
pleteness reached. However, this method will only give accurate 
results if both the distribution of separations and the distribu- 
tion of magnitude differences are flat. We have no way to verify 
these assumptions, in particular if we extrapolate to parts of the 
parameter space where we are not able to detect companions. 

In Sect. 15.21 we compare our results to surveys of the star- 
forming regions Taurus-Auriga and Scorpius-Centaurus. These 
star-forming regions are closer to the sun than the ONC, there- 
fore binaries with the same physical separation (in AU) have 
larger projected separations (in arc-seconds) and are easier to 
detect. When we compare their results to our survey, the other 
survey is always more sensitive for close and faint companions. 
Instead of correcting for incompleteness by adding companions 



we did not detect to the ONC survey, we remove companions 
from the other surveys that would not have been detected if they 
were in the ONC. A prerequisite for this method is, of course, 
that the authors give a complete list of companions with separa- 
tions and magnitudes or magnitude differences. 

For comparisons of subsamples within the ONC we use a 
differential method. We construct a "maximum completeness 
map", which is at each point in the separation- AK plane the max- 
imum completeness of the samples we wish to compare. Then 
we extrapolate the number of companions from the complete- 
ness of one sample to the maximum completeness of both sam- 
ples. This difference is usually non-zero for both samples, since 
the completeness of both samples is smaller than the maximum 
completeness. However, since the maximum completeness map 
is only the envelope of the completeness maps of both subsam- 
ples, the correction factors remain reasonably small, and the cor- 
rected results do not contain large numbers of binaries that were 
in fact never detected. Fig. [8] shows the completeness maps of 
low- and intermediate- to high-mass stars as an example. 
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Fig. 7. The completeness map of the observation of the star 
JW0252, presented as surface- (top) and contour-plot (bottom). 
The thick line on the surface indicates a magnitude difference of 
3 mag . The contour lines mark, from top to bottom, 100 %, 75 %, 
50 %, 25 %, and 1 % completeness, the crosses show the limiting 
magnitudes that were found by visual inspection of images with 
artificial stars. Similar maps were created for all targets in our 
sample, the completeness of the observation of JW0252 is on an 
average level for a low-mass star. 



4.4. Chance Alignments 

We observed our binary candidates only on one occasion; there 
is no way to tell from these data if two stars form indeed a gravi- 
tationally bound system or if they are simply two unrelated stars 
that happen to be close to each other projected onto the plane of 
the sky. 5 Since the majority of the stars seen in the direction of 
the ONC are indeed cluster members, both stars in these pairs are 
usually in the cluster, chance alignments with background stars 
are relatively rare. For this reason, we decided not to use the 
brightness of the companions to classify the binary candidates 
as physical pair or chance alignment. 




Magnitude in K 



Fig. 9. Number of stars as function of observed magnitude in the 
K-band. For the periphery, these are all stars within a radius of 
30" from one of the 52 guide stars. The observations of the core 
cover an area of about 2.2 square arcminutes. 



We can estimate how many of our binary candidates are 
chance alignments, with the help of the surface density of stars in 
our fields. In the simplest case, the number of chance alignments 
we have to expect is the total area where we look for companions 
times the surface density of stars: 

"ch.a. = N ■ nr 2 out ■ S, 

where n c h. a . is the number of chance alignments, N is the number 
of primaries, r out is the maximum radius where we count a star 
as companion candidate, and £ is the surface number density of 
stars on the sky. 

However, we have to take into account the sensitivity limits 
and (in)completeness derived in Sect. 14.31 Since the complete- 
ness of our observations is a function of radius and magnitude 
difference, we have to integrate over both variables: 



«ch.< 



I 



■m,+Am 



Pi(r, m) ■ E(m) dm dr, 



3 Scally et al. 1 1999 1 used proper motion data for a statistical analysis 
of wide binaries in the ONC, but even this additional information did 
not allow them to identify real binaries on a star-by-star basis. 



with JXm) being the surface density of stars with magnitudes in 
the range m to m + dm, and pi(r, m) the probability to detect a star 
of magnitude m at distance r from target i. Note that the integrals 
have to be computed for each target star individually and the 
results added up, we cannot obtain the total by multiplying with 
the number of targets N. 

To estimate the surface density as function of magnitude, 
we use the targets detected in our own observations. Because 
of the way the sample was selected (cf. Sect. [5}, these are all the 
sources in the 2MASS point-source catalog. Our high-spatial- 
resolution observations allow us to add a number of stars that 
were either too faint for 2MASS, or in a region too crowded. We 
also removed a few spurious sources. An additional advantage of 
using our own observations to determine the stellar surface den- 
sity is that we do not have to apply corrections for incomplete 
detections of faint sources. 

One might argue that using the science targets for this pur- 
pose introduces a bias because they are not randomly distributed 
in our images, they are there because we chose to observe them. 
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Table 3. Comparison of low- and intermediate- to high-mass binaries, corrections, and binary frequency. 



Subsample 


Primary 


Systems 




separations < 0.7" 






separations < 1.12" 






Mass 




Binaries 


Chance al. 


Corr. 


B.F. [%] 


Binaries 


Chance al. 


Corr. 


B.F. [%] 


Good Sample 


0.1. ..2M Q 


105 


3 


0.3 


xl.32 


3.4 ±2.1 


5 


0.9 


xl.31 


5.1 ±2.7 




> 2M Q 


29 


4 


0.1 


xl.01 


13.5 ±6.5 


4 


0.4 


xl.00 


12.3 ±6.4 


Large Sample 


0.1 ...2Mq 


228 


9 


1.2 


xl.19 


4.1 ± 1.6 


12 


3.4 


xl.24 


4.7 ± 1.9 




> 2M© 


48 


8 


0.3 


xl.01 


16.2 ±5.4 


9 


1.0 


xl.00 


16.7 ±5.7 



However, we did not decide to observe any particular target, we 
observed all stars within 30"from a guide star (in the computa- 
tion of the surface density, we take into account that we effec- 
tively cover the full field, not just the area of our AO-corrected 
images). 

Figure [5] shows the number of stars in our sample as a func- 
tion of observed magnitude 6 . Because of the large difference in 
stellar surface density between core and periphery of the clus- 
ter, we treat the two regions separately. We approximate these 
distributions by GauB functions with the parameters given in the 
figure, the surface density is the number of stars per magnitude 
interval divided by the area covered by the observations. 

We then multiply the completeness maps derived for each 
star in the last section by the number of stars per square arc- 
second and magnitude bin (in steps of 0.1 mag ). The sum of the 
results is the expected number of chance alignments with one 
target star, and the sum of these expected numbers for a list of 
stars gives the number of chance alignments we have to expect 
in total with this list of stars. 



The surface density varies significantly from one target star to 
the next, we therefore cannot use the same 2 for all targets. 
In principle, we have to derive S(m) for each target individu- 
ally. However, the stellar surface density is not high enough to 
measure it as function of the stellar magnitude for each target 
field. A region that contains enough stars to yield reasonable 
statistics would be too large to measure local density variations. 
Therefore, we assume the shape of the function to be constant 
throughout the core region and determine it from all stars within 
the region (this is shown in the lower panel of Fig.|5}. The result 
is scaled for each target to match the total number of stars found 
around it, which we obtained by counting the stars within 15" 
around each target. 

Within radii of 1'.'12 from the 22 intermediate- and high- 
mass stars in the core, we expect 1.0+0.3 chance alignments. For 
the 81 low-mass systems, the expected number is 3.1 + 1.0, and 
for the 19 sub-stellar candidates, it is 0.19 + 0.05. The resulting 
corrected binary frequencies are (23 + 10)% for the intermediate- 
and high-mass stars, and (3.6 + 3.2)% for the low-mass stars. 



4.4.1. Periphery 

Within circles of radius I'.'U around all 28 targets with masses 
higher than 2 Mq, we expect only 0.08 ±0.01 chance alignments. 
Within the same separation from our 147 low-mass targets, we 
expect 0.26 + 0.02 chance alignments. We expect 0.006 + 0.001 
chance alignments with one of our 14 sub-stellar candidates, 
which is in line with the fact that we find no companion to these 
objects. 

Inserting these numbers into the formula of the Binomial dis- 
tribution gives a probability of 92 % that we observe no chance 
alignment with a intermediate- or high-mass star, and a probabil- 
ity of 77 % for no chance alignment with a low-mass star. We can 
therefore assume that all of our 4 intermediate- to high-mass and 
all of the 7 low-mass binaries are indeed gravitationally-bound 
binaries. This corresponds to a binary frequency of (14 + 7)% for 
the intermediate- to high-mass and (4.8 ± 1 .8)% for the low-mass 
systems. Since there are no higher-order multiples, this is iden- 
tical to the multiplicity frequency (number of multiples divided 
by total number of systems) and the companion star frequency 
(number of companions divided by the total number of systems, 
CSF hereafter). 

4.4.2. Cluster Core 

In the cluster core, we carry out a similar analysis, but we have 
to take into account the variations of the stellar surface density. 

6 Note that this is not the luminosity function of the cluster. The con- 
version from observed to absolute magnitudes is not trivial, since it re- 
quires knowing the amount of extinction, which is not constant across 
the ONC. We do not try to derive the luminosity function and we are 
not interested in it here, since the number of detected stars depends on 
the observed, not the absolute magnitude. 



5. Discussion 

5. 1 . Dependence of Binary Frequency on Primary Mass 

First, we discuss the binary frequency of all stars as function of 
primary mass, independent of their position in the cluster. We 
study two different subsamples based on the quality of the mass 
determinations: 

- The "good sample" consists of stars with masses given by 
H97 and a membership probability in the cluster of at least 
50%. This subsample contains 134 stars. 

- The "large sample" contains all stars with known masses, 
either from H97 or from IR-photometry. These masses are 
less reliable, and we also include stars that are probably not 
cluster members, but the statistical uncertainties are reduced 
by the larger sample size of 275 systems. 

Figure [3] shows the completeness-maps of low- and 
intermediate- to high-mass stars in the good sample. Table [3] 
lists, for both samples and divided into low- and intermediate- to 
high-mass stars, the number of binaries we find, the number of 
chance alignments expected, the correction factor to bring low- 
and intermediate- to high-mass stars to the same level of com- 
pleteness, and the resulting binary frequency. 

The corrections for chance alignments are rather large if we 
count binary candidates up to 1'.' 12 separation - one of the 5 low- 
mass binaries in the good sample, and 3 to 4 of the 12 low-mass 
binaries in the large sample are probably chance alignments. We 
therefore decided to also study the statistics of closer binaries, 
which are less affected by chance projections. The upper sep- 
aration limit was chosen to be 0'.'7, which reduces the number 
of chance alignments with low-mass stars in the large sample to 
about one. 
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We find the binary frequency of intermediate- to high-mass 
stars to be always higher than that of low-mass stars, by a fac- 
tor between 2.4 and 4.0. The difference is statistically significant 
on the 1 to 2<x level, where the "good sample" and the larger 
separation limit have the lowest significance. The good sample 
contains the smaller number of systems, i.e. it has larger statisti- 
cal uncertainties. 

The result that intermediate- and high-mass stars show a 
higher multiplicity than low-mass stars was already found by 
previous studies (e.g. Petr et al. 1998 Preibisch et al. 1999 1. 
However, to our knowledge this is the first study that shows a 
significant difference without applying large corrections for un- 
detected companions. For example, Preibisch et al. (1999 1 find 
8 visual companions to 13 O- and B-stars. Their result that the 
mean number of companions per primary star is at least 1.5 is 
based on a correction factor of ^ 2.5 for undetected compan- 
ions. Our corrections for incompleteness raise the number of 
low-mass companions (cf. Tab. [3}, i.e. they reduce the difference 
in the CSF between the two subsamples. 

As a final remark in this section, we note that we find no 
binaries among the sub-stellar candidates (M < 0.1 Mq) in our 
sample. However, the completeness of these observations is lim- 
ited in two ways: We certainly did not find all sub-stellar objects 
in our fields, and our sensitivity for companions is lower than for 
companions to brighter objects. 

5.2. Comparison with other Regions 
5.2.1. Main-sequence Stars 

In this section, we compare our findings to those of surveys of 
other regions. The binary survey most commonly used for com- 
parison is the work of Duquennoy & Mayor (1991 hereafter 
DM91), who studied a sample of 164 solar-type main-sequence 
stars in the solar neighborhood. They used spectroscopic obser- 
vations, complemented by direct imaging; therefore they give 
the distribution of periods of the binaries. Before we can com- 
pare this to our results, we have to convert it into a distribution of 
projected separations. We follow the method described in Kohler 
(2001 1. In short, we simulate 10 million artificial binaries with 
orbital elements distributed according to DM91. Then we com- 
pute the fraction of those binaries that could have been detected 
by our observations, i.e. those having projected separations be- 
tween a/13 and 1'.'12 at the distance of the ONC (450pc). The 
result is that 21 binaries out of DM9 l's sample of 164 systems 
fall into this separation range, which corresponds to a compan- 
ion star frequency of (12.8+2.6) % (where the error is computed 
according to binomial statistics). 

DM91 report that their results are complete down to a mass 
ratio of 1:10. The models of Baraffe et al. ( 1998 1 show that for 
low-mass stars on the 1 Myr isochrone, this corresponds to a 
magnitude difference of 3 mag in the K-band. Due to the differ- 
ent method used (adaptive optics imaging vs. spectroscopy), our 
survey is less complete than that of DM91. With our data, we 
can find only about 70 % of the binaries in the separation range 
a/13 . . . l'/12 and with magnitude differences up to 3 mag (Fig.|§. 
This means we would have found a CSF of (9.0 + 1.8) % for the 
DM91 -sample. In the ONC, the CSF of low-mass stars in the 
good and the large sample are (3.9 + 2.1)% and (3.8 + 1.5) %, re- 
spectively (after subtracting chance alignments, but without cor- 
rections for incompleteness, see Tab. [5}- This means the CSF in 
the ONC is a factor of 2.3 + 1.0 to 2.4 + 0.9 lower than in the 
DM91 sample. 



There are a number of M-dwarf surveys in the literature 
(Fischer & Marcv U^I Leinert et al. [lW71 Reid & Gizis[l997 1, 
none of them comprises a sample comparable in size to DM9 1 . 
Reid & Gizis \ 19971 RG97) studied the largest sample so far, 
which contains 8 1 late K- or M-dwarfs. Their list of binaries con- 
tains 4 companions in the separation range 60 - 500 AU. They 
publish the separations and magnitudes of the binaries, which 
enables us to determine with the help of our completeness maps 
how many companions would have been detected if they were in 
Orion. The result is about 2 companions, corresponding to a CSF 
of (2.6 + 1 .8) %, which is comparable to our result for stars in the 
ONC. The lower CSF of M-dwarfs compared to solar-type stars 
reflects the deficit of M-dwarf binaries with larger separations 

(Marchaletal.EnOD- 

It would be useful to compare our results for intermediate- to 
high-mass stars in the ONC to the multiplicity of main-sequence 
stars with similar masses. However, we are not aware of a survey 
of main-sequence B or A stars of similar quality and complete- 
ness as DM91 for G stars. A spectroscopic survey of B stars 
(Abt, Gomez, & Levy 1990 1 finds a binary frequency that is 
significantly higher than among solar-type stars. Mason et al. 
( 1998 1 find a binary frequency of 59 - 75 % for O-stars in clus- 
ters, and 35 - 58 % for O-stars in the field. They count bina- 
ries of all periods and separations, using speckle observations 
combined with spectroscopic and visual binaries from the lit- 
erature. This means we cannot directly compare their numbers 
to our results for a limited separation range. Mason et al. apply 
no corrections for incompleteness, therefore their numbers are 
rather lower limits. Nevertheless, we can say that their results 
are in qualitative agreement with our finding of a high binary 
frequency among stars with masses 2 Mq in clusters. 

5.2.2. Taurus-Auriga 

The star-forming region Taurus-Auriga is the best-studied 
T Association. It is also the region where the overabundance of 
young binary stars was discovered for the first time (Ghez et 
al. 119931 Leinert et al. 119931 . Here, we use the binary surveys 
by Leinert et al. J1993I and Kohler & Leinert ( fl99Ei which to- 
gether contain the largest published sample of young stars in 
Taurus-Auriga. 

The separation range 60 - 500 AU of our ONC-survey corre- 
sponds to a.' 42 - 3'.'6 at the distance of Taurus-Auriga (140pc). 
Within this range, the surveys by Leinert et al. and Kohler & 
Leinert are complete to a magnitude difference of about 6 mag 
(cf. Fig. 2 in Kohler & Leinert 19981. With our data, we can 
find about 44 % of the binaries with magnitude differences up 
to 6 mag . Instead of multiplying the number of companions in 
Taurus-Auriga by this percentage, we go back to the raw data 
of the surveys in Taurus-Auriga and count the number of com- 
panions we could have detected if they were in Orion, based on 
the completeness estimated for our observations. The result, af- 
ter correction for chance alignments and the bias induced by the 
X-ray selection (Kohler & Leinert 199SJ, is 24 or 25 compan- 
ions for the completeness of our good and large sample, respec- 
tively. With a sample size of 174, this corresponds to a CSF of 
(14±3) %. In Orion, however, we find only a CSF of (3.9+2.1) % 
and (3.8 + 1.5) %. Thus, the CSF of low-mass stars in Taurus- 
Auriga is higher by a factor of 3.5 ± 1.6 to 3.8 + 1.4 compared to 
the ONC. 

It is a well-known fact that the multiplicity in Taurus-Auriga 
is about twice as high as among solar-type main-sequence stars. 
With a CSF in the ONC lower than among solar-type main- 
sequence stars by a factor of about 2.4, we would expect the 



Rainer Kohler et al.: Binary Stars in the Orion Nebula Cluster 



13 



CSF in Taurus-Auriga to be about 5 times higher than in the 
ONC. The reason why we find a smaller factor is the flux ratio 
distribution of the binaries in Taurus-Auriga (top panel of Fig. 8 
in Kohler & Leinert 1998 1. Many of the companions would be 
too faint to be detected in our survey in the ONC, therefore the 
overabundance of binaries in Taurus-Auriga is less pronounced 
if we limit ourselves to the sensitivity of the ONC-survey. 

5.2.3. Scorpius-Centaurus 

The Scorpius OB2 association is the closest and best-studied OB 
association, in particular with respect to binaries. 

Shatsky & Tokovinin (2002) studied the multiplicity of 115 
B-type stars in the Scorpius OB2 association, using corono- 
graphic and non-coronographic imaging with the ADONIS sys- 
tem. The separation range of our survey corresponds to 0742 - 
3'.'6 at the mean distance of Scorpius OB2 (140pc). Their list 
of physical companions contains 12 objects in this separation 
range. However, we would have detected only about 4 of them 
if they were in the ONC, so the detectable CSF is (3.4 + 1.8) %. 
We find (12 + 6)% to (17 + 6)% binaries, which is higher with a 
statistical significance of 1.3 to 2.3 cr. 

Kouwenhoven et al. (2005) surveyed A star members of 
Scorpius OB2 with ADONIS. They adopt a distance of 130pc, 
therefore the separation range of our survey corresponds to 0745 
- 3'.'88. Within these separations, they find 41 companions in 
199 systems, of which 23 would have been detected by our ob- 
servations. This corresponds to a companion star frequency of 
(11.5 ± 2.3) %. Our result of (12 + 6) % to (17 + 6) % is in agree- 
ment within the error bars. 

Kohler et al. (2000) carried out a multiplicity survey of 
T Tauri stars in the Scorpius-Centaurus OB association. Their 
targets are located in the Upper Scorpius part of the association, 
which is at 145 pc distance, therefore separations of 60 - 500 AU 
correspond to 0740 - 3748. They find 27 companions within this 
range in 104 systems, of which about 20 would have been de- 
tected by us. After correction for chance alignments, this yields 
a CSF of (18 ± 4) %. Comparing with our result in the ONC of 
(3.9 ± 2.1)% to (3.8 + 1.5)% leads to the conclusion that the 
CSF of low-mass stars in Scorpius-Centaurus is higher than in 
the ONC by a factor of about 5 ± 2. 

There are a few studies of the multiplicity of very low-mass 
objects in Upper Scorpius (Bouy et al. 2006, Kraus et al. 2005), 
but the limited completeness and sensitivity of our observations 
of sub-stellar candidates does not allow a statistically meaning- 
ful comparison. 

5.2.4. Summary of the Comparison with other Regions 

Table @] gives an overview and summary of the results of this 
section. 

The data on low-mass stars show the result of the early sur- 
veys (Leinert et al. 1993 Ghez et al. 1993), namely the over- 
abundance of binaries in Taurus- Auriga and Scorpius-Centaurus 
compared to main-sequence stars. Our results for binaries in the 
ONC confirm that their frequency in the ONC is lower than 
among solar-type main-sequence stars (e.g. Prosser et al. 1994 
Padge tt et al. HW71 Petr et al. [T9^8l Petr [TWHl Simon et al. 
1999). We find this difference to be even more pronounced than 
in earlier studies. However, we do not find a significant dif- 
ference if we compare the binary frequency of low-mass stars 
in the ONC and M-dwarfs in the solar neighborhood (Reid & 
Gizis 119971 ). This is not surprising, since the median mass of 



Table 4. The CSF in several regions, reduced to the complete- 
ness of our observations in the ONC (see text). 



Low-mass stars 


Region 


Reference 


CSF [%] 


ONC (good sample) 


this work 


3.9 + 2.1 


ONC (large sample) 


this work 


3.8+1.5 


Taurus-Auriga 


Kohler & Leinert fT998l 


14 + 3 


Scorpius-Centaurus 


Kohler et al. <2000t 


18 + 4 


Main-sequence stars 






solar-type 


Duquennoy & Mayor ( 1991 1 


9.0+1.8 


M-dwarfs 


Reid & Gizis (19971 


2.6+ 1.8 


Intermediate- to High-mass stars 


Region 


Reference 


CSF [%] 


ONC (good sample) 


this work 


12 + 6 


ONC (large sample) 


this work 


17 + 6 


Scorpius OB2 






B-type stars 


Shatsky & Tokovinin ( 2002 1 


3.5 + 1.7 


A-type stars 


Kouwenhoven et al. ( 2005 I 


11.5 + 2.4 



our low-mass sample is 0.3 Mq, most of the stars are M-dwarfs 
(cf. Fig.0}. This suggests that the difference in multiplicity be- 
tween Taurus and the ONC is not just a regional, but also a se- 
lection effect: The surveys in Taurus- Auriga (Leinert et al. 1993 
Ghez et al. 119931 ) and Scorpius-Centaurus (Kohler et al. 120001 ) 
used Speckle interferometry, which is limited to stars brighter 
than K ~ 10 m . However, selection effects cannot explain the 
difference between Taurus-Auriga and solar-type main-sequence 
stars. 

The data about intermediate- to high-mass stars present a 
somewhat inconsistent picture: The results for the ONC is in 
good agreement with those for A-type stars in the Scorpius OB2 
association, which is in line with the presumption that most of 
the intermediate- to high-mass stars in our sample are of spec- 
tral type A or later. The binary frequency of B-type stars appears 
to be lower, but this might be a selection effect. These num- 
bers were obtained by taking into account the probability that 
the companions could have been detected in our survey of the 
ONC. This is rather low for companions much fainter than the 
primary star, which means it is harder to detect a companion to 
a B-star than detecting an equally bright companion next to an 
A-star. Shatsky & Tokovinin ( 2002 ) used a coronograph, which 
allowed them to find fainter (and therefore more) companions 
than we could. Their total numbers (uncorrected for the sensi- 
tivity of our survey) agree quite well with those for A-type stars 
(Kouwenhoven et al. l2005> . 

5.3. Dependence of Binary Frequency on Distance from 
Cluster Center 

In this section, we study how the binary frequency depends on 
the position of the star within the cluster. This involves a number 
of corrections to the raw numbers; the results are listed in Tab.|5] 
Fig. an d Fig. ^2 As an example, we summarize how the 
numbers for low-mass stars of the "good sample" in the cluster 
core were derived. 

All binaries and systems that match the criteria of the sub- 
sample (i.e. mass between 0. 1 and 2 Mq, mass from H97, mem- 
bership probability > 50 %, located less than 4' from 6 l C) are 
counted. Additionally, the probability for a chance alignment is 
summed up, and the completeness of the whole subsample is 
computed. This completeness as a function of separation and 
magnitude difference is compared to the completeness of the 
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Table 5. The numbers of binaries and systems, the corrections for chance alignments and incompleteness, and corrected binary 
frequency in the core and the periphery of the ONC. 



binaries with separations < 1.12" 


Sample 


Region 




0.1M© <M< 2M Q 








M > 2M Q 








Bin. 


Ch. al. 


Systems 


Corr. 


B.F. [%] 


Bin. 


Ch. al. 


Systems 


Corr. 


B.F. [%] 


Good Sample 


Core 


1 


0.73 


17 


xl.02 


1.6 ±6.0 


1 


0.39 


10 


xl.14 


6.9 ± 10.9 




Periphery 


4 


0.16 


88 


xl.33 


5.8 ±3.0 


3 


0.05 


19 


xl.02 


15.8 ±8.5 


Large Sample 


Core 


5 


3.14 


82 


xl.02 


2.3 ±3.0 


5 


0.93 


21 


Xl.09 


21.1 ± 10.2 




Periphery 


7 


0.26 


146 


xl.24 


5.7 ±2.2 


4 


0.08 


27 


xl.04 


15.1 ±7.1 


binaries with separations < 0.7" 


Sample 


Region 




O.1M < M < 2M Q 








M > 2M Q 








Bin. 


Ch. al. 


Systems 


Corr. 


B.F. [%] 


Bin. 


Ch. al. 


Systems 


Corr. 


B.F. [%] 


Good Sample 


Core 


1 


0.22 


17 


xl.03 


4.7 ±5.9 


1 


0.10 


10 


xl.22 


11.1 ± 11.6 




Periphery 


2 


0.05 


88 


xl.31 


2.9 ±2.1 


3 


0.02 


19 


xl.03 


16.2 ±8.6 


Large Sample 


Core 


4 


1.07 


82 


xl.02 


3.7 ±2.5 


4 


0.26 


21 


xl.14 


20.3 ± 9.8 




Periphery 


5 


0.09 


146 


xl.30 


4.4 ± 2.0 


4 


0.02 


27 


xl.06 


15.6 ±7.2 



low-mass stars of the good sample in the cluster periphery, in 
order to derive the completeness correction factors. Finally, we 
subtract the number of chance alignments from the raw number 
of companions, and multiply the result by the completeness cor- 
rection to obtain the binary frequency in table [5] Note that this 
is not the binary frequency for 100% completeness, but only 
for the same completeness as the binary frequency of the corre- 
sponding subsample of stars in the periphery. 

As in Sect. 15.11 the corrections for chance alignments are 
rather large, in particular in the cluster core. Again, we study the 
binary statistics for two upper separation limits, 077 and 1'.' 12. 

The binary frequency of low-mass stars in the periphery is in 
most cases somewhat higher than that of stars in the core (Tab. [5] 
and Fig. 1101. The one exception are binaries with separations < 
077 in the good sample, which are more frequent in the core. 
However, the number of binaries in this subsample is too small 
to give any statistically meaningful result. The statistical signifi- 
cance of the other subsamples is also quite small, at most 0.9 <x, 
where the largest subsample shows the highest significance. It is 
worth noting that this trend is not present in the raw data, it ap- 
pears only if the corrections for chance alignments and incom- 
pleteness are applied. We conclude that we find only a small and 
statistically not very significant difference between cluster core 
and periphery. 

The results for stars with masses > 2 Mq are inconsistent 
(Tab.[5]and Fig. II 1>. Stars in the good sample have higher multi- 
plicity in the periphery, while the large sample shows the oppo- 
site trend. However, all the differences are statistically insignifi- 
cant, which leads to the conclusion that we find no dependency 
of the binary frequency of intermediate- and high-mass stars on 
the location in the cluster. Given the small numbers of binaries 
and systems in the subsamples, even this conclusion should be 
taken with a grain of salt. 

5.4. ONC Periphery compared to Taurus-Auriga 

The result of a direct comparison between low-mass stars in the 
periphery of the ONC and in Taurus-Auriga is much clearer: The 
CSF of the stars in the periphery of the ONC after subtraction of 
chance alignments is (4.4 + 2.2) % (good sample) to (4.6 + 1.8) % 
(large sample). In the separation range 60 - 500 AU, Leinert 
et al. IT9931 and Kohler & Leinert ( 1998 1 find 39 companions 
in Taurus-Auriga, of which we would detect about 23 with the 
completeness of our observations. This corresponds to a CSF of 



(13.4 + 2.6)%, and is higher than the CSF in the ONC by a factor 
of (3.1 + 1.3) and (2.9+1.0). 

5.5. Implications for Binary Formation Theory 

Our results do not support the simple model by Kroupa et al. 
J1999L which assumes that all stars in the ONC were born in 
binary or multiple systems that were later destroyed by dynam- 
ical interactions. In this case, the binary frequency in the outer 
parts of the cluster, where the dynamical timescales are too long 
for any significant impact on the number of binaries since the 
formation of the cluster, would be expected to be almost as high 
as in Taurus-Auriga. Our observations show that the binary fre- 
quency of stars in the periphery is not significantly higher than 
in the cluster core, and clearly lower than in Taurus. Dynamical 
interactions may explain the small difference we find between 
the binary frequencies in the core and the periphery. However, 
they are probably not the main cause for the difference between 
the ONC and Taurus. 

One way the rather homogeneous binary frequency through- 
out the Orion Nebula Cluster can be explained by dynamical in- 
teractions is the hypothesis that the cluster was much denser in 
the past. This would reduce the dynamical timescales and thus 
would not only disrupt more binaries, but also lead to enough 
mixing to smear out differences in binary frequency in different 
parts of the cluster. However, while there are indications that the 
ONC is expanding, it is hard to imagine that it was so dense that 
the effect just described can explain the observations. 

Another possible explanation would be the hierarchical for- 
mation model presented by Bonnell et al. (2003 1. They used a 
numerical simulation to follow the fragmentation of a turbulent 
molecular cloud, and the subsequent formation and evolution of 
a stellar cluster. They show that the fragmentation of the molecu- 
lar cloud leads to the formation of many small subclusters, which 
later merge to form the final cluster. The number-density of stars 
in these clusters is higher than in a monolithic formation sce- 
nario, which results in closer and more frequent dynamical in- 
teractions. The relatively low binary frequency in the periphery 
of the ONC could be explained if the binaries were already de- 
stroyed by dynamical interactions in their parental subcluster. 

However, the simplest explanation with our current knowl- 
edge of the history of the ONC is still that not all stars there 
were born in binary systems. This means that the initial binary 
frequency in the ONC was lower than, e.g., in Taurus-Auriga. 
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0.1 0.2 0.5 1 0.1 0.2 0.5 1 
Separation [arcsec] 

Fig. 10. Top: Companion star frequency vs. projected distance 
from cluster center for all stars with M < 2Mq. The out- 
lined histogram shows the uncorrected numbers, the hatched 
histogram and the error bars show the results after correction 
for chance alignments and relative incompleteness (see text). 
Bottom: Completeness of the observations of these stars. The 
contour lines mark 1 %, 50%, and 100% completeness. Note 
that the sample in the cluster core never reaches 100% com- 
pleteness at any separation, mainly because of targets close to 
the edge of the frame. 



The reason for this is probably related to the environmental con- 
ditions in the star-forming regions' parental molecular clouds, 
like temperature or the strength of the turbulence. The observed 
anti-correlation between stellar density and multiplicity does not 
imply that a high stellar density causes a low binary frequency, 
but rather suggests that the same conditions that lead to the for- 
mation of a dense cluster also result in the formation of fewer 
binary and multiple stars. 



6. Summary and Conclusions 

We carried out a survey for binaries in the periphery of the Orion 
Nebula Cluster, at 5 - 15 arcmin from the cluster center. We com- 
bine our data with the data of Petr ( 1998 1 for stars in the cluster 
core and find: 

- The binary frequency of stars with M > 2 Mq is higher than 
that of stars with 0.1 < M < 2 Mq by a factor of 2.4 to 4. 



0.1 0.2 0.5 



0.1 0.2 0.5 1 0.1 0.2 0.5 
Separation [arcsec] 



0.1 0.2 0.5 1 



Fig. 11. As Fig.lTUl but for all stars with M>2M Q . 



- The CSF of low-mass stars in the separation range 60 - 
500 AU is comparable to M-dwarfs on the main sequence, 
but significantly lower than in other samples of low-mass 
stars: by a factor of 2 to 3 compared to solar-type main- 
sequence stars, by a factor of 3 to 4 compared to stars in the 
star-forming region Taurus-Auriga, and by a factor of about 
5 compared to low-mass stars in Scorpius-Centaurus. The 
well-known overabundance of binaries in Taurus-Auriga is 
in this separation range largely caused by stars fainter than 
our detection limit, which have been excluded in the calcula- 
tion of these factors. Therefore, the overabundance of bina- 
ries in Taurus-Auriga relative to main-sequence stars is not 
as pronounced in the factors relative to our results. 

- The CSF of intermediate- to high-mass stars in the ONC 
is significantly higher than that of B-type stars in Scorpius 
OB2, and comparable to that of A-type stars in the same re- 
gion. 

By comparing our results for stars in the periphery of the 
cluster to those of Petr ( 1998 ) for stars in the core we reach the 
following conclusions: 

- The binary frequency of low-mass stars in the periphery of 
the cluster is slightly higher than in the core, albeit with a 
low statistical significance of less than 1 cr. 
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- The binary frequency of low-mass stars in the periphery of 
the ONC is lower than that of young stars in Taurus-Auriga, 
with a statistical significance on the 2 cr level. 

- The binary frequency of stars with masses > 2Mq in the 
periphery is lower than in the center, but the difference is not 
statistically significant due to the small number of objects. 

These results do not support the hypothesis that the initial 
binary proportion in the ONC was as high as in Taurus-Auriga 
and was only later reduced to the value observed today. In that 
case, we would expect a much higher number of binaries in the 
periphery than observed. There are models that can explain the 
observations with a high initial binary frequency that was re- 
duced by dynamical interactions, e.g. a cluster that was much 
denser in the past, or a hierarchical formation with many dense 
subclusters. However, the simplest explanation with our current 
knowledge is that the initial binary frequency in the ONC was 
lower than in Taurus-Auriga. This suggests that the binary for- 
mation rate is influenced by environmental conditions, e.g. the 
temperature of the parental molecular cloud. 
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Appendix A: The Complete Target list 



Table A.6. Complete target list. 



No. 


Name 


<*2000 


i?2000 


H97 Mass 


IR Mass 


Guide star 


1 


H97 5 


5:34:29.2 


-5:23:57 


1.73 


1.4 


JW0005 


2 


2MASS J0534292-052350 


5:34:29.2 


-5:23:51 




0.5 


JW0005 


3 


H97 3082 


5:34:28.9 


-5:23:48 




0.1 


JW0005 


4 


H97 9 


5:34:29.5 


-5:23:44 


1.61 


1.0 


JW0005 


5 


H97 8 


5:34:29.4 


-5:23:38 


0.10 


0.1 


JW0005 


6 


H97 3086 


5:34:27.3 


-5:24:23 


2.67 


2.7 


JW0005 


7 


H97 14 


5:34:30.2 


-5:27:27 


2.08 


1.7 


JW0014 


8 


H97 3115 


5:34:31.9 


-5:27:41 


0.23 


0.3 


JW0014 


9 


H97 27 


5:34:33.9 


-5:28:25 


1.41 


1.5 


JW0027 


10 




5:34:34.0 


-5:28:26 






JW0027 


11 


2MASS J0534336-052829 


5:34:33.6 


-5:28:30 




0.1 


JW0027 


12 


H97 18 


5:34:31.6 


-5:28:28 


0.29 


0.3 


JW0027 


13 


H97 45 


5:34:39.7 


-5:24:26 


0.94 


3.5 


JW0045 


14 


H97 40 


5:34:38.2 


-5:24:24 


0.21 


0.2 


JW0045 


15 


2MASS J0534382-052402 


5:34:38.2 


-5:24:03 




0.1 


JW0045 


16 


H97 54 


5:34:41.5 


-5:23:57 


0.14 


0.1 


JW0045 


17 


H97 46 


5:34:39.8 


-5:26:42 


1.77 


1.4 


JW0046 


18 


H97 51 


5:34:40.7 


-5:26:39 


0.36 


0.3 


JW0046 


19 


H97 55 


5:34:41.6 


-5:26:52 


0.23 


0.2 


JW0046 


20 


H97 3113 


5:34:39.5 


-5:27:17 




0.6 


JW0046 


21 


H97 38 


5:34:37.6 


-5:26:23 


0.14 


0.1 


JW0046 


22 


H97 50 


5:34:40.8 


-5:22:43 


0.34 


3.0 


JW0050 


23 


H97 60 


5:34:42.4 


-5:12:19 


2.22 


2.7 


JW0060 


24 


H97 59 


5:34:42.3 


-5:12:38 


0.16 


0.1 


JW0060 


25 


H97 64 


5:34:43.5 


-5:18:28 


1.86 


1.5 


JW0064 


26 




5:34:43.4 


-5:18:28 






JW0064 


27 




5:34:45.4 


-5:18:54 






JW0064 


28 


H97 75 


5:34:45.1 


-5:25:04 


1.50 


2.0 


JW0075 


29 


H97 77 


5:34:45.8 


-5:24:56 


0.38 


0.3 


JW0075 


30 


H97 81 


5:34:46.3 


-5:24:32 


0.32 


0.6 


JW0075 


31 




5:34:46.2 


-5:24:35 






JW0075 


32 


H97 71 


5:34:44.4 


-5:24:39 


0.16 


0.1 


JW0075 


33 


H97 62 


5:34:42.8 


-5:25:17 


1.38 


0.6 


JW0075 


34 


H97 67 


5:34:43.7 


-5:25:27 




0.1 


JW0075 


35 


H97 108 


5:34:49.9 


-5:18:45 


3.59 


3.5 


JW0108 


36 


H97 106 


5:34:49.2 


-5:18:56 


0.21 


0.3 


JW0108 


37 


H97 98 


5:34:48.7 


-5:19:08 


0.18 


0.2 


JW0108 


38 


H97 116 


5:34:50.6 


-5:24:01 


0.69 


0.8 


JW0116 


39 




5:34:50.7 


-5:24:03 






JW0116 


40 


H97 114 


5:34:50.4 


-5:23:36 


0.41 




JW0116 


41 


H97 133 


5:34:52.5 


-5:24:03 


0.29 


0.5 


JW0116 


42 


H97 125 


5:34:51.9 


-5:24:18 


0.20 


0.2 


JW0116 


43 


H97 129 


5:34:52.1 


-5:33:09 


2.45 


3.5 


JW0129 


44 




5:34:53.2 


-5:33:09 






JW0129 


45 


H97 115 


5:34:50.3 


-5:32:55 


0.11 


0.1 


JW0129 


46 


2MASS J0534502-053328 


5:34:50.1 


-5:33:29 




0.1 


JW0129 


47 


H97 153 


5:34:55.2 


-5:30:22 


3.08 


3.0 


JW0153 


48 




5:34:55.1 


-5:30:08 






JW0153 


49 


H97 157 


5:34:55.9 


-5:23:13 


1.34 


3.5 


JW0157 


50 




5:34:54.5 


-5:23:02 






JW0157 


51 


H97 171 


5:34:57.0 


-5:23:00 


0.17 




JW0157 


52 


H97 175 


5:34:57.7 


-5:22:51 


0.23 




JW0157 


53 


H97 163 


5:34:56.7 


-5:11:33 


0.68 


0.8 


JW0163 


54 


H97 160 


5:34:56.5 


-5:11:14 


0.27 


0.2 


JW0163 


55 




5:34:56.5 


-5:11:04 






JW0163 


56 


H97 165 


5:34:56.4 


-5:31:36 


2.30 


1.5 


JW0165 


57 


H97 159 


5:34:55.9 


-5:31:13 


0.28 


0.4 


JW0165 


58 


H97 221 


5:35:02.3 


-5:15:48 


1.52 


> 4.0 


JW0221 


59 


H97 3013 


5:35:02.0 


-5:15:38 


0.23 


0.2 


JW0221 


60 


2MASS J0535035-051600 


5:35:03.5 


-5:16:00 




0.1 


JW0221 


£1 

01 


tly I JWZ 


J.J J.UJ. J 


-J. 10. ZJ 




n a 


J W UZZ 1 


62 


H97 232 


5:35:02.9 


-5:30:01 


1.45 


5.0 


JW0232 


63 


H97 218 


5:35:01.8 


-5:30:19 


0.15 


0.1 


JW0232 


64 


H97 235 


5:35:03.4 


-5:29:26 




0.5 


JW0232 


65 


H97 252 


5:35:04.4 


-5:29:38 


0.69 




JW0232 


66 


H97 256 


5:35:04.5 


-5:29:36 


0.21 




JW0232 


67 


H97 260 


5:35:05.1 


-5:14:51 


4.13 


3.5 


JW0260 


68 


H97 282 


5:35:06.0 


-5:14:25 


0.12 


0.3 


JW0260 


69 


H97 240 


5:35:04.2 


-5:15:22 


0.38 


0.2 


JW0260 


70 


H97 364 


5:35:11.5 


-5:16:58 


3.04 


2.5 


JW0364 


71 


H97 386 


5:35:12.6 


-5:16:53 


0.31 


2.0 


JW0364 


72 


2MASS J0535125-051633 


5:35:12.4 


-5:16:34 




3.0 


JW0364 



Rainer Kohler et al.: Binary Stars in the Orion Nebula Cluster 
Table A.6. Complete target list, continued. 



No. 


Name 


(22000 


(52000 


H97 Mass 


IR Mass 


Guide star 


73 




5:35:12.3 


-5:16:27 






JW0364 


74 


H97 406 


5:35:13.4 


-5:17:10 


0.21 


1.5 


JW0364 


75 


H97 408 


5:35:13.4 


-5:17:17 


0.23 


0.2 


JW0364 


76 


2MASS J0535131-051730 


5:35:13.1 


-5:17:30 




0.3 


JW0364 


77 


H97 407 


5:35:13.4 


-5:17:31 


0.57 


0.5 


JW0364 


78 


H97 358 


5:35:11.2 


-5:17:21 


0.28 




JW0364 


79 


H97 367 


5:35:11.8 


-5:17:26 




0.3 


JW0364 


80 




5:35:10.8 


-5:17:33 






JW0364 


81 


H97 5050 


5:35:10.0 


-5:17:07 






JW0364 


82 


H97 3166 


5:35:09.2 


-5:16:57 


0.29 




JW0364 


83 


H97 421 


5:35:13.5 


-5:30:58 


0.62 


5.0 


JW0421 


84 


H97 416 


5:35:13.4 


-5:30:48 


0.21 


0.2 


JW0421 


85 


H97 371 


5:35:11.6 


-5:31:02 






JW0421 


86 


H97 428 


5:35:13.7 


-5:30:24 


0.25 


0.3 


JW0421 


87 


H97 381 


5:35:12.1 


-5:30:33 


0.32 


0.9 


JW0421 


88 


H97 585 


5:35:18.4 


-5:16:38 


0.35 


2.0 


JW0585 


89 


H97 593 


5:35:18.5 


-5:16:35 


0.67 




JW0585 


90 


H97 574 


5:35:18.1 


-5:16:34 


0.15 




JW0585 


91 


H97 612 


5:35:19.2 


-5:16:45 


0.20 


0.2 


JW0585 


92 


2MASS J0535195-051703 


5:35:19.5 


-5:17:03 




3.0 


JW0585 


93 


H97 564 


5:35:17.9 


-5:16:45 






JW0585 


94 


H97 525 


5:35:16.8 


-5:17:03 


0.17 




JW0585 


95 


H97 523 


5:35:16.7 


-5:16:54 


0.15 




JW0585 


96 


H97 5047 


5:35:17.4 


-5:16:57 






JW0585 


97 




5:35:16.5 


-5:16:22 






JW0585 


98 




5:35:16.2 


-5:16:18 






JW0585 


99 


H97 566 


5:35:17.8 


-5:16:15 






JW0585 


100 




5:35:17.4 


-5:16:14 






JW0585 


101 




5:35:17.6 


-5:16:17 






JW0585 


102 


H97 601 


5:35:18.7 


-5:16:15 


1.17 




JW0585 


103 


H97 5041 


5:35:19.3 


-5:16:09 




0.1 


JW0585 


104 


H97 5040 


5:35:19.2 


-5:16:10 






JW0585 


105 


H97 666 


5:35:21.2 


-5:09:16 


3.39 


3.5 


JW0666 


106 


2MASS J0535206-050902 


5:35:20.5 


-5:09:03 




0.2 


JW0666 


107 




5:35:21.3 


-5:09:04 






JW0666 


108 


H97 705 


5:35:22.3 


-5:09:11 




0.6 


JW0666 


109 


H97 671 


5:35:21.3 


-5:09:42 


0.29 


0.1 


JW0666 


110 


H97 676 


5:35:21.5 


-5:09:38 


0.69 


0.1 


JW0666 


111 




5:35:21.7 


-5:09:45 






JW0666 


112 


H97 677 


5:35:21.5 


-5:09:49 


0.22 


0.2 


JW0666 


113 


H97 670 


5:35:21.2 


-5:12:13 


3.52 


3.5 


JW0670 


114 




5:35:20.1 


-5:12:11 






JW0670 


115 


H97 747 


5:35:23.7 


-5:30:47 


1.75 


1.4 


JW0747 


116 


H97 715 


5:35:22.2 


-5:31:17 


0.11 


0.1 


JW0747 


117 


H97 788 


5:35:25.5 


-5:30:38 


0.17 


0.3 


JW0747 


118 


H97 784 


5:35:25.5 


-5:30:21 




0.6 


JW0747 


119 


H97 787 


5:35:25.3 


-5:30:22 


0.30 




JW0747 


120 


H97 779 


5:35:25.6 


-5:09:50 


0.95 


0.8 


JW0779 


121 


2MASS J0535256-050942 


5:35:25.5 


-5:09:42 




0.1 


JW0779 


122 


H97 765 


5:35:25.1 


-5:09:29 


0.19 


0.5 


JW0779 


123 


2MASS J0535246-050926 


5:35:24.5 


-5:09:27 




0.0 


JW0779 


124 


2MASS J0535268-050924 


5:35:26.7 


-5:09:25 




0.5 


JW0779 


125 


2MASS J0535276-050937 


5:35:27.5 


-5:09:37 




> 4.0 


JW0779 


126 


H97 808 


5:35:27.4 


-5:09:44 




1.6 


JW0779 


127 


2MASS J0535269-050954 


5:35:26.9 


-5:09:54 




0.1 


JW0779 


128 


2MASS J0535269-051017 


5:35:26.9 


-5:10:16 




> 4.0 


JW0779 


129 


2MASS J0535275-051008 


5:35:27.5 


-5:10:08 




0.1 


JW0779 


130 


2MASS J0535251-051023 


5:35:25.0 


-5:10:23 




0.5 


JW0779 


131 


H97 790 


5:35:26.2 


-5:08:40 


2.04 


1.5 


JW0790 


132 


H97 785 


5:35:26.0 


-5:08:38 




0.2 


JW0790 


133 


2MASS J0535274-050903 


5:35:27.3 


-5:09:03 




0.1 


JW0790 


134 


2MASS J0535250-050909 


5:35:25.0 


-5:09:10 




0.1 


JW0790 


135 


2MASS J0535240-050906 


5:35:24.0 


-5:09:07 




0.1 


JW0790 


136 


H97 794 


5:35:26.2 


-5:15:12 


1.93 


1.4 


JW0794 


137 




5:35:26.4 


-5:15:06 






JW0794 


138 


H97 805 


5:35:27.0 


-5:15:45 




0.3 


JW0794 


139 




5:35:26.9 


-5:15:37 






JW0794 


140 


H97 767 


5:35:25.2 


-5:15:36 


0.26 


1.0 


JW0794 


141 


2MASSJ0535243-051457 


5:35:24.3 


-5:14:59 




0.1 


JW0794 


142 


H97 803 


5:35:26.8 


-5:11:08 


3.71 


>4.0 


JW0803 


143 


H97 822 


5:35:28.1 


-5:11:37 


0.27 


0.4 


JW0803 


144 


H97 752 


5:35:24.5 


-5:11:30 


0.46 


1.0 


JW0803 


145 


H97 771 


5:35:25.3 


-5:10:49 


1.15 


0.6 


JW0803 


146 


H97 804 


5:35:26.8 


-5:13:15 


1.65 


1.1 


JW0804 


147 


H97 818 


5:35:27.4 


-5:35:20 


0.32 


0.9 


JW0818 
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Table A.6. Complete target list, continued. 



No. 


Name 


(22000 


(52000 


H97 Mass 


IR Mass 


Guide star 


148 


H97 835 


5:35:28.8 


-5:35:07 


0.23 


0.2 


JW0818 


149 


H97 866 


5:35:31.2 


-5:15:33 


1.95 


6.0 


JW0866 


150 


H97 3010 


5:35:31.4 


-5:15:24 




0.2 


JW0866 


151 


H97 301 1 


5:35:31.5 


-5:15:24 






JW0866 


152 


H97 885 


5:35:32.3 


-5:15:07 




0.2 


JW0866 


153 


H97 867 


5:35:31.2 


-5:18:56 


0.30 


1.0 


JW0867 


154 




5:35:31.4 


-5:19:42 






JW0867 


155 




5:35:31.8 


-5:19:38 






JW0867 


156 


H97 873 


5:35:31.3 


-5:33:09 


2.66 


3.0 


JW0873 


157 




5:35:31.2 


-5:33:11 






JW0873 


158 


H97 847 


5:35:29.7 


-5:32:54 


1.09 


1.6 


JW0873 


159 


2MASS J0535325-053258 


5:35:32.4 


-5:32:58 




0.1 


JW0873 


160 


2MASS J0535285-053304 


5:35:28.5 


-5:33:06 




0.1 


JW0873 


161 




5:35:29.9 


-5:32:46 






JW0873 


162 


H97 876 


5:35:31.8 


-5:09:28 


0.84 


3.5 


JW0876 


163 


2MASS J0535338-050905 


5:35:33.9 


-5:09:04 




0.1 


JW0876 


164 


H97 842 


5:35:30.0 


-5:09:11 


0.12 


0.1 


JW0876 


165 


H97 887 


5:35:32.3 


-5:31:11 


2.97 


3.0 


JW0887 


166 


H97 915 


5:35:35.7 


-5:12:21 


2.32 


1.9 


JW0915 


167 




5:35:35.5 


-5:12:16 






JW0915 


168 


H97 928 


5:35:37.3 


-5:26:40 




1.1 


JW0928 


169 


2MASS J0535381-052627 


5:35:38.0 


-5:26:26 




0.1 


JW0928 


170 


H97 912 


5:35:35.1 


-5:26:54 


0.23 


0.3 


JW0928 


171 


H97 930 


5:35:37.5 


-5:27:14 


0.57 


0.2 


JW0928 


172 


H97 950 


5:35:40.4 


-5:27:02 




0.6 


JW0950 


173 




5:35:40.6 


-5:27:07 






JW0950 


174 


H97 5121 


5:35:39.9 


-5:27:10 




0.1 


JW0950 


175 


H97 962 


5:35:42.4 


-5:27:33 


0.58 


0.7 


JW0950 


176 


H97 959 


5:35:41.9 


-5:28:13 


2.41 


2.7 


JW0959 


177 




5:35:42.0 


-5:28:11 






JW0959 


178 


H97 954 


5:35:41.2 


-5:27:51 


0.23 


0.3 


JW0959 


179 


H97 947 


5:35:40.0 


-5:28:00 


0.29 


0.2 


JW0959 


180 


H97 944 


5:35:39.5 


-5:27:51 


0.18 


0.2 


JW0959 


181 


H97 963 


5:35:42.5 


-5:20:14 


0.84 


5.0 


JW0963 


182 


2MASS J0535420-052005 


5:35:41.5 


-5:20:06 




0.1 


JW0963 


183 


2MASS J0535427-051945 


5:35:42.1 


-5:19:46 




0.3 


JW0963 


184 


2MASS J0535435-052047 


5:35:43.0 


-5:20:47 




0.4 


JW0963 


185 


2MASS J0535436-052051 


5:35:43.1 


-5:20:51 




0.2 


JW0963 


186 


H97 967 


5:35:42.9 


-5:13:46 


1.85 


1.5 


JW0967 


187 


H97 971 


5:35:43.2 


-5:36:28 


0.35 


1.3 


JW0971 


188 


H97 974 


5:35:44.1 


-5:36:40 


0.14 


0.3 


JW0971 


189 


H97 979 


5:35:44.5 


-5:36:34 




0.2 


JW0971 


190 


2MASS J0535410-053622 


5:35:41.0 


-5:36:25 




0.8 


JW0971 


191 


H97 975 


5:35:44.3 


-5:32:13 


1.11 


0.8 


JW0975 


192 


H97 973 


5:35:43.3 


-5:32:09 


0.12 


0.1 


JW0975 


193 


H97 972 


5:35:43.2 


-5:32:41 


0.33 


0.4 


JW0975 


194 


H97 992 


5:35:46.9 


-5:17:57 






JW0992 


195 


H97 989 


5:35:46.2 


-5:18:09 


0.25 


0.7 


JW0992 


196 


H97 983 


5:35:45.5 


-5:18:14 




0.5 


JW0992 


197 


H97 987 


5:35:45.9 


-5:17:50 


0.14 


0.6 


JW0992 


198 


H97 993 


5:35:47.1 


-5:17:44 


0.14 




JW0992 


199 


2MASS J0535485-051742 


5:35:48.4 


-5:17:43 




0.1 


JW0992 


200 


H97 997 


5:35:47.4 


-5:16:58 


1.83 


1.4 


JW0997 


201 




5:35:47.3 


-5:17:00 






JW0997 


202 


H97 991 


5:35:46.7 


-5:16:48 


1.24 


0.2 


JW0997 


203 




5:35:47.1 


-5:16:44 






JW0997 


204 


H97 1015 


5:35:50.4 


-5:28:35 


2.52 


> 4.0 


JW1015 


205 


H97 1020 


5:35:51.9 


-5:28:47 


0.62 


0.5 


JW1015 


206 


H97 1041 


5:35:58.0 


-5:12:55 


3.92 


3.5 


JW1041 


207 


H97 1605 


5:34:46.9 


-5:34:15 


4.47 


> 4.0 


Par 1605 


208 


2MASS J0534468-053423 


5:34:46.8 


-5:34:24 




0.2 


Par 1605 


209 


H97 73 


5:34:44.7 


-5:33:43 


0.41 


0.4 


Par 1605 


210 


H97 1744 


5:35:05.0 


-5:12:16 


4.81 


3.5 


Par 1744 


211 


2MASS J0535056-051150 


5:35:04.4 


-5:11:51 




0.8 


Par 1744 


212 


2MASS J0535067-051145 


5:35:05.5 


-5:11:46 




0.3 


Par 1744 


213 


H97 264 


5:35:05.6 


-5:11:50 






Par 1744 


214 


H97 2074 


5:35:31.3 


-5:16:03 


16.3 


>4.0 


Par2074 


215 


H97 877 


5:35:31.9 


-5:16:00 






Par2074 


216 


H97 882 


5:35:32.1 


-5:16:04 






Par2074 


217 


H97 3018 


5:35:33.1 


-5:16:05 




1.5 


Par2074 


218 


H97 892 


5:35:32.8 


-5:16:05 


0.65 


1.1 


Par2074 


219 


H97 3014 


5:35:32.5 


-5:15:51 




0.2 


Par2074 


220 


H97 3019 


5:35:29.8 


-5:16:07 




0.4 


Par2074 


221 


H97 870 


5:35:31.5 


-5:16:36 




0.4 


Par2074 


222 


H97 875 


5:35:31.7 


-5:16:39 




0.2 


Par2074 



Rainer Kohler et al.: Binary Stars in the Orion Nebula Cluster 
Table A.6. Complete target list, continued. 



No. 


Name 


"2000 


^2000 


H97 Mass 


IR Mass 


Guide star 


223 


H97 879 


5:35:32.0 


-5:16:20 




0.3 


Par2074 


224 


H975043 


5:35:32.3 


-5:16:27 




0.1 


Par2074 


225 


H97 834 


5:35:28.9 


-5:16:19 




1.5 


Par2074 


226 


H97 837 


5:35:29.5 


-5:16:34 


0.34 


0.6 


Par2074 


227 


H97 2284 


5:35:57.5 


-5:22:31 


2.98 


2.7 


Par2284 


228 




5:35:57.3 


-5:22:30 






Par2284 



